This paper presents an optimal solution for eliminating pre specified order of harmonics from a stepped waveform of a multilevel inverter topology with equal dc sources. The main challenge of solving the associated non linear equation which are transcendental in nature and therefore have multiple solutions is the convergence of the relevant algorithms and therefore an initial point selected considerably close to the exact solution is required. The paper describes an efficient genetic algorithm that reduces significantly the computational burden resulting in fast convergence. An objective function describing a measure of effectiveness of eliminating selected order of harmonics while controlling the fundamental component is derived. The performance of cascaded multilevel inverter is compared based on computation of switching angle using Genetic Algorithm as well as conventional Newton Raphson approach. A significant improvement in harmonic profile is achieved in the GA based approach. A nine level cascaded multi level inverter is simulated in MATLAB Simulink and a proto type model has been fabricated to validate the simulation results.
INTRODUCTION
Nowadays high quality power is needed for medical, research and industrial applications to bring into being good quality results and for accurate evaluation. In this paper, an attempt has been made to improve the quality of power. A single phase nine level cascaded multi level inverter with identical dc supply is designed to reduce the harmonic components of the output voltage. Multilevel inverters continue to receive more and more attention because of their high voltage operation capability, low switching losses, high efficiency and low output of electromagnetic interference (EMI). The preferred output of a multilevel inverter is synthesized by several sources of dc voltages. With an increasing number of dc voltage sources, the inverter voltage waveform approaches a nearly sinusoidal waveform while using a low switching frequency scheme. This results in low switching losses, and because several dc sources are used to synthesize the total output voltage, each experiences a lower dv/dt compared to a single level inverter. Consequently, the multilevel inverter technology is a promising technology for high power electric devices such as utility applications [1] [2] [3] [4] .
Various multilevel inverters structures are reported in the technical literature, such as: diode clamped multilevel inverters (neutral clamp), capacitor clamp multilevel inverter (flying capacitor), cascaded multilevel with separate dc sources and hybrid inverters that are derived from the above mentioned topologies with the aim to reduce the amount of semi conductor elements.
Multilevel voltage source inverter using cascaded inverters with separate dc sources (SDCSs), hereafter called a cascaded multilevel inverter appears to be superior to other multi level structures in term of its structure that is not only simple and modular but also requires the least number of output voltage levels without undue increase in power circuit complexity. In addition, extra clamping diodes or voltage balancing capacitors are not necessary. An important key in designing an effective and efficient cascaded H-bridge multilevel inverter is to ensure that the total harmonic distortion (THD) in the output voltage waveform is small enough [3] . It is worth noting that in most of the works reported in the technical literature, the level of the dc sources was assumed to be equal and constant, which is probably not to be case in application even if the sources are nominally equal [8] .
Selective Harmonic Elimination Pulse Width Modulation (SHE-PWM) has been intensively studied in order to achieve low THD, [6] . The common characteristic of the SHE-PWM method is that the waveform analysis is performed using Fourier theory [14] . Sets of non-linear transcendental equations are then derived, and the solution is obtained using an iterative procedure, mostly by Newton-Raphson method [5] . This method is derivative dependent and may end in local optima; however, a judicious choice of the initial values alone guarantees convergence [6, 7, 13] .
In this paper, a multilevel inverter based on the cascaded converter topology with equal dc sources is studied. The main objective of this paper is to introduce a minimization technique assisted with Genetic Algorithm (GA) [15] in order to reduce the computational burden associated with the solution of the nonlinear transcendental equations of the selective harmonic elimination method. An accurate solution is guaranteed even for a number of switching angles that is higher than other techniques would be able to calculate for a given computational effort. Hence it seems to be a promising method for applications when a high number of dc sources are sought in order to eliminate more low order harmonics to further reduce the THD, [9, 10, 12] . This paper is organized as follows. Section 2 describes the structure of a cascaded multilevel inverter and its switching pattern. Section 3 presents the formation of problem along with analysis for the generalized stepped voltage waveform. Section 4 describes the conventional Newton Raphson method and corresponding simulation results. The proposed genetic algorithm method along with the simulation and hardware results are presented in Section 5. Finally conclusions are summarized in Section 6.
CASCADED H-BRIDGE MULTILEVEL INVERTER
Among three types of topologies cascaded type multilevel inverter is considered for this work. In this configuration, four single phase H-bridges are serially connected for nine-level inverter. In general the number of bridges required for an m level inverter is (m − 1)/2 . All the switches in the inverter are turned on only at the fundamental frequency and the voltage stress across the switches is only the magnitude of dc source voltage. In the cascaded multilevel inverter all the voltage sources need to be isolated from one another. Thus for nine-level inverter four dc sources are needed. The switching stress can be reduced because of its better switch utilization. In the proposed system, identical dc source voltages are used for the four H-bridges of the multi-level inverter. The block diagram of single phase cascaded nine level inverter is shown in Fig. 1 . Each bridge module comprises of four Metal Oxide Semi Conductor Field Effect Transistors (MOSFET). Each bridge is energized by separate sources. The cascaded multilevel inverter consists of a series of H-bridge (single phase, full bridge) inverter units. As mentioned, the general function of this multilevel inverter is to synthesize a desired voltage from several separate dc sources which may be obtained from batteries, fuel cells, solar cells or ultra capacitors.
Structure of Single Phase Cascaded Multilevel Inverter
Each separate dc sources is connected to a single-phase full-bridge inverter. Each inverter level can generate three different voltage outputs which are +V dc , 0 , −V dc . The ac output of each levels full bridge inverter is connected in series such that the synthesized voltage waveform is the sum of all of the individual inverter outputs. The number of output phase voltage level in a cascaded multilevel inverter is then 2s+1 , where s is the number of dc sources. With enough levels and appropriate switching algorithm the multilevel level results in an output voltage waveform which is almost sinusoidal. 
Principle of Working of Nine Level Inverter
The model output voltage waveform of nine-level cascaded multilevel inverter is shown in the figure 2.2. The maximum output phase voltage is given as
The steps to synthesize the nine-level voltage waveforms are as follows. 
on all the switches in the step 3 and M 31 .
For an output voltage level
turn on all the switches in the step 3 and M 41 . where M ij is the switches in the individual bridge. i is the number of bridge and j switch number in the inverter. Table 1 shows the voltage levels and their corresponding switch states in one quarter cycle of output voltage. State condition 1 means the switch is on and 0 means the switch is off. Each switch is turned on only once per cycle and therefore reduces switching losses.
HARMONIC MINIMIZATION PROBLEM IN MULTI LEVEL INVERTER

Switching States of inverter and Expression of output voltage
The output voltage waveform of cascaded multi level inverter has m levels. The problem under consideration is to find appropriate switching angles namely θ 1 , θ 2 , θ 3 . . . θ n so that the n − 1 non-triplen odd harmonics can be eliminated and control of the fundamental is also achieved. The Fourier series expansion of the SHE-PWM waveform is given by equation 1 assuming all the dc sources are equal value.
The Fourier expansion is used to find the expression for the output voltage of the multi level inverter. The output voltage of the single phase cascaded nine-level inverter is shown in Fig. 2 . There are five levels in the quarter wave of the output voltage waveform including the level zero. As per the Fourier theorem the periodic output voltage V (ωt) can be described by a constant term plus an infinite series of sine and cosine terms of frequency nω , where n is an integer.
Therefore V (ωt) in general, can be expressed as
Because of the output voltage of the multilevel inverter is quarter wave symmetry, the Fourier series constants a 0 , a n become zero and only b n is to be calculated. The value of b n is found using the equations (2) and (3)
By finding the constants bn, and substituting in equation (1) The Fourier expression for the output voltage of the single phase nine-level inverter is obtained as,
where s is the number of dc sources.
Assuming all sources are of equal value (
Estimation of Switching Angles
Fourier series of the quarter-wave symmetric S Hbridge multilevel inverter output waveform is written as given in equation (6) in which θ s are the optimized switching angles, which must satisfy the following condition
The method to solve the optimized harmonic switching angles will be explained in this section. From equation (1), the harmonic components in the waveform can be described as follows: 1. The amplitude of dc component equals zero. 
3. The amplitude of all even harmonics equal zero. Thus, only the odd harmonics in the quarter-wave symmetric multilevel waveform need to be eliminated. The switching angles of the waveform will be adjusted to get the lowest THD in the output voltage
If needed to control the peak value of the output voltage to be V 1 and eliminate the fifth and seventh order harmonics, the modulation index is given by M = πV1 4V dc , the resulting harmonic equations are
cos 5θ 1 + cos 5θ 2 + cos 5θ 3 + cos 5θ 4 = 0 ,
cos 7θ 1 + cos 7θ 2 + cos 7θ 3 + cos 7θ 4 = 0 ,
Equation (8) is rewritten as cos θ 1 + cos θ 2 + cos θ 3 + cos θ 4 = M .
Each H-bridge inverter unit has a conduction angle which is calculated to minimize the harmonic components. The conduction angles are the factors determining the amplitude of the harmonic components. This paper deals with a four H-bridge cascaded inverter because its 9-level output voltage can be almost sinusoidal. In that case the conventional method can eliminate the 5 th and 7 th harmonics except for the fundamental wave. In nine level inverter four dc sources are needed so that the dc voltage levels are chosen so as not to generate the fifth and seventh order harmonics while achieving the desired fundamental voltage. This is a system of three simultaneous equations with four unknowns θ 1 , θ 2 , θ 3 and θ 4 . These values are found by solving the simultaneous equations (8-10).
CONVENTIONAL METHOD FOR HARMONIC REDUCTION
Newton Raphson Method
The conventional method has the merit of eliminating the required harmonic component but it has some problems. First it is difficult to solve simultaneous equations which are a set of nonlinear transcendental equations. These equations can be solved by an iterative method such as Newton-Raphson. If the number of simultaneous equations increases so does the time and the amount of calculations to obtain the conduction angles. Moreover the method is an approximate one depending on the iteration which leads to the inclusion of some errors. Secondly conducting angles are calculated through an offline operation. Therefore they have to be arranged in the look-up table. It needs much data in order to implement switching angles with an accurate resolution. If the scale of the modulation index is divided in detail, the data of the conducting angles increases. In other words, The objective is to choose the levels of the dc voltages so as to get the required fundamental voltages V 1 and specific higher order harmonics of V (ωt) equals to zero. The circuit shown in Fig. 3 is simulated and the results are presented in Fig. 4 and Fig. 5 .
Simulation Circuit for Nine Level Inverter
The single phase cascaded nine level inverter using PWM technique and switching angle variation technique are simulated with the use of MATLAB R2007b. For nine level inverter three H-bridges are needed for simulation. MOSFET switches are used as power switches. Figure 3 shows the simulation circuit for nine level inverter using PWM technique. Figure 6 shows the circuit which is simulated in Matlab simulink package. The supply voltage in each H-bridge is 40 V and MOSFET is used as power switch. The load is considered as pure resistance 50 Ω. The switching angles are obtained using GA approach in the off line. Figure 4 shows the gating signals generated in simulink for the power circuit shown in Fig. 3 . Figure 5 shows output voltage waveform of the nine level inverter and the harmonic profile of the output voltage when the power circuit is simulated with switching angles calculated by Newton-Raphson method.
Simulation Results
Limitations of Conventional Method
• The solution obtained depends on the initial guess and no guarantee to be optimum.
• It has computational burden and is time consuming.
• More than one solution is possible with different modulation indices.
• To obtain convergence with the numerical technique, the starting values must be selected considerably close to exact solution.
• It is difficult to presume the starting values. Divergence problem may occur. vskip2mm
PROPOSED TECHNIQUE FOR SWITCHING ANGLE GENERATION
Genetic Algorithm to calculate optimum switching Angles
The limitations of the Newton Raphson method is eliminated by using genetic algorithm based optimization technique. The switching angles are determined using GA.The steps for formulating a problem and applying a GA are as follows: 1. Select binary or floating point strings. 2. Find the number of variables specific to the problem; this number will be the number of genes in a chromosome. In this application the number of variables is the number of controllable switching angles which is the number of H-bridges in a cascaded multilevel inverter. A nine-level inverter requires four H-bridges; thus, each chromosome for this application will have four switching angles, ie, (θ 1 , θ 2 , θ 3 , θ 4 ).
3. Set a population size and initialize the population. Higher population might increase the rate of convergence but it also increases the execution time. The selection of an optimum-sized population requires some experience in GA. The population in this paper has 20 chromosomes, each containing four switching angles. The population is initialized with random angles between 0 degree and 90 degree taking into consideration the quarter-wave symmetry of the output voltage waveform.
4. The most important item for the GA to evaluate the fitness of each chromosome is the cost function. The objective of this study is to minimize specified harmonics; therefore the cost function has to be related to these harmonics. In this work the fifth and seventh harmonics at the output of a nine-level inverter are to be minimized. Then the cost function (f ) can be selected as the sum of these two harmonics normalized to the fundamental,
For each chromosome a multilevel output voltage waveform is created using the switching angles in the chromosome and the required harmonic magnitudes are calculated using FFT techniques.
The fitness value (FV) is calculated for each chromosome inserting. In this case,
The switching angle set producing the maximum FV is the best solution of the first iteration.
5. The GA is usually set to run for a certain number of iterations (100 in this case) to find an answer. After the first iteration, FVs are used to determine new offspring. These go through crossover and mutation operations and a new population is created which goes through the same cycle starting from FV evaluation.
Sometimes, the GA can converge to a solution well before 100 iterations are completed. To save time, in this paper, the iterations have been stopped when the absolute value of the cost function goes below 1, in which case the sum of the fifth and the seventh harmonics is negligible compared to the fundamental. Note that after these iterations, the GA finds one solution; therefore, it has to be run as many times as the number of solutions required to cover the whole modulation index range. The algorithm to find the optimum switching angles is described through the flow chart shown in Fig. 6 . 
Simulation Results
For the nine level inverter, switching angles which minimize the fifth and seventh order harmonics are shown in Tab. 2. for various ranges of modulation indices using GA. The graph given in Fig. 7 . Shows the variation of switching angle with respect to modulation indices. The graph shown in Fig. 8. gives the values of THD for the various ranges of modulation indices. Figure 9 shows the fitness values for various generations.
The power circuit shown in Fig. 3 is simulated using the switching angles estimated from genetic algorithm. Figure 10 shows the output voltage waveform and its harmonic profile. From the spectrum analysis it is inferred that the THD in GA based is 21.58 % and that for Newton-Raphson is 33.32 %.
By comparing the two Figs. 5 and 10 it is clearly identified that the harmonics are reduced effectively by computing the switching angles by GA compared to Newton Raphson method. 
Hardware Results
A prototype model of nine level cascaded multilevel inverter has been fabricated and tested. The switching signals for the model are generated from 8051microcon-troller.The driver circuits are also used to give pulse for switches in the power circuit. MOSFET switches of rating IRF840, 600 V, 6 A are used in the power circuit. The input voltage V dc = 40 V.
The power circuit is isolated by using opto-coupler circuit. Opto-couplers also known as opto isolators provide optical isolation and coupling between control circuit and power circuit, creating physical and electrical isolation signal coupling between them. Opto couplers which can be assembled using traditional semi conductor packages contain a light emitting diode and photo sensitive semiconductor devices (MCT2E) in the same housing.
The pulses for the H-bridge inverters generated from the 8051 micro controller are shown in Figs. 11, 12, 13 and 14 respectively. The inverter output voltage waveform is also shown in Fig. 15 and the corresponding frequency spectrum is shown in Fig. 16 . In this work genetic algorithm optimization technique is applied to find the switching angles of the cascaded inverter for the reduction of harmonics. The results obtained show that fifth and seventh order harmonics are reduced effectively. GA based solution of switching angles give minimum THD in the output voltage waveform compared with the conventional Newton Raphson method.
As in this approach, GA can be applied to any type of optimization problems.GA reduces the harmonic content more predominantly than any other conventional technique such as Newton Raphson method. This work can be extended by applying GA to reduce the harmonics in inverters with any number of levels. The hardware results are presented and it is found that these results agree with the simulation results.
